The design and fabrication procedures for implementing a high-density ͑16-m center spacing͒ singlemode fiber ͑SMF͒ array are described. The specific application for this array is a parallel optical coherence tomography system for endoscopic imaging. We obtained fiber elements by etching standard single-mode SMF-28 fibers to a diameter of 14 -15 m. We equalized 1-m lengths of fiber to within 1 mm by using a fiber interferometer setup, and we describe a method for packaging arrays with as many as 100 fibers.
Introduction
Optical coherence tomography ͑OCT͒ is a novel noninvasive imaging technique that produces highresolution ͑1-20-m͒ cross-sectional images of biological tissue microstructures. 1 OCT uses lowcoherence interferometry to produce two-dimensional images of optical scattering from tissue with extremely high sensitivity ͑10 Ϫ10 of the incident optical power͒. 2 In addition, the fiber-optic design of OCT systems is relatively inexpensive and is suitable for endoscopic imaging. OCT has been successfully used to image eye, skin, cutaneous blood vessels, aorta, and gastrointestinal ultrastructure. [3] [4] [5] [6] [7] One of the main issues concerning current OCT scanners is the image acquisition time. Existing OCT devices generally require several seconds to obtain an image of fairly small cross-sectional area ͑e.g., 2 mm ϫ 4 mm͒. Although an OCT system with image acquisition rates as high as 32 frames͞s has been demonstrated, 8 the signal-to-noise ratio ͑SNR͒ was degraded because fewer photons per image pixel were collected. Using high-power mode-locked femtosecond lasers as sources can improve the SNR in this case, but these devices are expensive, bulky, and limited mostly to laboratory use. Yun et al. recently demonstrated a spectral-domain OCT system with image acquisition rates as high as 38 frames͞s and SNRs greater than 105 dB, but this system requires a more-complex optical setup and has higher cost. 9 Scanning the reference arm presents another difficulty, because the required scanning frequency at the video rate is several kilohertz, which can potentially introduce nonlinearities into the system and further decrease the SNR.
Another important problem that the medical community faces is the need to achieve microscopic imaging within tissue. State-of-the-art confocal microscopes can achieve resolutions of Ͻ1 m; however, the depth at which images can be obtained is limited. Other imaging modalities, such as ultrasound and magnetic resonance imaging, cannot achieve the necessary resolution to detect smaller structures within tissue. 10 In addition, magnetic resonance imaging is expensive and thus unsuitable for frequent screening.
A variation of the OCT concept that uses an array of fiber interferometers in combination with relatively inexpensive superluminescent diode ͑SLD͒ source and detector arrays can potentially overcome many of these difficulties. Figure 1 shows the basic configuration of the parallel OCT ͑ʈOCT͒ system. The sample arm of the ʈOCT interferometer consists of small diameter single-mode fibers ͑SMFs͒ packaged in a linear array. The transverse resolution of the system is fixed by the diameter of each fiber at the sample end, and the size of the array determines the extent of the transverse imaging field. The initial system that is being developed in our lab (University of Arizona, 1230 E. Speedway Blvd., Tucson, Arizona) has 10 fibers, and a second system with 100 fibers is also being designed. A set of integrated optic 3-dB splitters divides the incident optical field between the sample and the reference arm fibers of the interferometer. Light from individual elements in the source array is coupled into a specific fiber in the fiber array. The drive electronics are designed to collect reflection data from each fiber, thus eliminating the need for mechanical translation of a single fiber. Because a separate source is coupled into an individual fiber, higher optical power is available, which allows more power to be collected by the detector; this maintains higher SNRs at greater scanning rates. A more-detailed description of the ʈOCT system is given in Section 2 below, and a discussion of the practical limits on the design methodology is given in Section 5.
The ʈOCT interferometer requires a linear array of densely packed SMFs. The diameter of commercially available SMF cladding diameters is of the order of 100 m and is significantly coarser than the 15-20-m center spacing between fibers required for reasonable transverse resolution of an OCT system. Fiber image guides with small-diameter ͑4 -20-m͒ fiber cores, center spacing of 6 -25 m, and fiber array densities of the order of 10 4 ͞mm 2 have been developed and are commercially available, but they generally support multiple modes because of the high numerical aperture ͑0.25-1.00͒ of individual fibers within a fiber image guide. 11 Therefore, because a suitable commercial fiber for a ʈOCT system is not available, we have developed a process to reduce the diameters of available fibers. This is accomplished with a standard buffered oxide etch ͑BOE͒. A BOE is a linear, isotropic etchant that is used extensively in silicon chip manufacturing and provides controllable etch rates. The process is described in Section 3 below.
The image fidelity of the ʈOCT system depends on the visibility of the interference signal. To obtain high-visibility interference, one must have a length difference between fiber channels in the array that is within the scanning range of the galvanometer, and the cross-talk noise between fibers must be minimized. A two-step process for equalizing fiber lengths is described in Section 4 below.
Fiber Design and Simulation Results
A basic diagram of the optics for the ʈOCT system is shown in Fig. 1 . The system's principle of operation is identical to that of conventional single-channel OCT scanners, 1 except that in the ʈOCT an array of broadband SLDs with a nominal wavelength of 1.3 m is coupled into an array of SMFs. Each SLD corresponds to a single SMF channel. An array of 3-dB couplers splits the light into reference and sample arms. The sample arm is contained in a smallsize fiber bundle, which can be used for endoscopic imaging applications. The interference signal is detected by an array of photodetectors and is processed as in a conventional OCT system.
The fibers within the sample arm array must satisfy several design constraints including control of the fiber diameter, center spacing between fibers, high transmittance, low cross talk between adjacent fibers, and accurate control of fiber lengths in the sample and reference arms. The center spacing between fibers in the array constrains the transverse resolution. The fiber transmittance must be kept high to maximize signal strength. The cross talk must be minimized to maintain signal fidelity, and the fiber lengths must be equalized to within the scanning range of the reference mirror. The number of fibers in the array is limited by the form factor required for the system and by practical considerations of handling the fibers. For typical endoscopic applications the fiber bundle must fit within a housing with a diameter of Ͻ2 mm. This cable dimension can accommodate more than 100 conventional SMFs bundled in the midsection of the cable, but, as the fibers must be arranged in a linear array at the probe end, the fiber diameters must be reduced at this location. The fiber diameter must also be reduced to ϳ15 m to produce the necessary imaging resolution of the system. One approach to solving this problem is to implement a fiber array of standard communications-grade SMFs, with ϳ1.5-cm-long ends of the fiber etched to the required diameter. The remainder of the fiber can remain in the original form or can be etched to permit greater flexibility of the endoscope cable. Table 1 summarizes the properties of commercially available Corning SMF-28 fiber and of those required for the etched fibers used in the ʈOCT system. The fiber diameters were reduced to approximately 14 -15 Fig. 1 . Basic ʈOCT setup. Light from an array of superluminescent LEDs is coupled into a parallel array of fibers. The incident light is split by a 3-dB coupler into a probe and a reference fiber. The probe end illuminates a tissue sample, and the reference end illuminates a scanning mirror. The return signal from each arm is coupled into an output fiber that transfers the combined interference signal to a detector. m, with 16-m fiber center spacing, which resulted in transverse resolution comparable to those of conventional OCT scanners. 1 The center spacing was dictated by the groove spacing of a preliminary silicon V-groove holder 12 that was available in our lab. The etched fibers are approximately 1 m long and must be equalized in length to within the scanning range of the reference mirror and desired scan depth ͑ϳ3 mm͒. The tolerance for fiber-length difference was therefore set to 1 mm. We obtained the tolerance for cross talk by using the fact that an air-tissue interface produces a Ϫ15.5-dB signal, assuming an index of refraction of 1.4 for the tissue. Therefore a cross-talk level lower than Ϫ30 dB is much smaller than the strongest reflection in tissue, and it is also an optical communication standard. 13 In some applications the cross talk may need to be reduced to less than Ϫ70 dB to ensure adequate dynamic range in the system for detecting small index differences.
Two designs of etched fibers were investigated and are shown in Fig. 2 . In the first ͓Fig. 2͑a͔͒, the fiber cladding was uniformly etched from the end of the fiber. In the second ͓Fig. 2͑b͔͒, the cladding etch was tapered over a distance of approximately 8 mm. The taper was found to reduce the stress at the junction between the etched and the nonetched cladding, which was prone to breaking. The length of the taper was chosen to accommodate the form factor of the endoscope. The tip of the fiber array will eventually be covered with a low-viscosity solution of poly͑methyl methacrylate͒ ͑PMMA͒ and acetone, which has an index of refraction of ϳ1.46 to secure the fibers to the V-groove substrate. We used a beam propagation method to analyze the cross talk between etched SMF-28 fibers. Figure 3 shows the cross talk between fibers with a center spacing of 16 m surrounded by PMMAacetone. The power transferred to adjacent fibers was normalized to the input power. Cross talk was evaluated for fiber arrays with 14-, 14.5-, and 15-mdiameter fibers. All three fibers exhibit cross talk greater than Ϫ30 dB over the full interaction length of 1.5 cm. However, the interaction length in the actual array is going to be much shorter ͑ϳ2 mm͒; in this case, cross talk will be as low as Ϫ35 dB for the fiber array with 14-m-diameter fibers. Transmittance simulation of light propagation through fibers surrounded by air and PMMA-acetone shows virtually identical results for nonetched and etched SMF-28 fibers. Transmittance of straight-etched and taper-etched fibers is equivalent, as well.
Buffered Oxide Etch and Characterization of Etched Fibers
The SMF-28 fiber core diameter is 8.2 m, and the cladding diameter is 125 m. The BOE solution that we used to reduce the diameter of the cladding consists of six parts of 40% ammonium fluoride ͑NH 4 F͒ and one part of 49% hydrofluoric acid ͑HF͒. The etching was performed in a 25-mL volume of BOE at 24°C ͑75°F͒ with the experimental setup shown in Fig. 4͑a͒ . The etch rate of the BOE is shown in Fig. 4͑b͒ with diameters that range from 4 to 110 m. The filled circles in the figure show measured values of fiber diameter as a function of etching time. The BOE process is nearly linear, and the linear fit ͑solid line͒ shows an etch rate of 0.251 m͞min. Figure 5͑a͒ shows a digital photo of the straightetched fiber section with an etched tip diameter of approximately 14 m. The figure was obtained by use of a 5ϫ microscope objective, and the maximum measurement error was Ϯ1 m. The taper in the etched fiber occurred because of the slow evaporation of BOE solution and was observed on all etched samples. The length of the taper section ranged from 100 m to 1 mm, depending on the length of time that the fiber remained in the etching solution. Because of the limited field of view of the microscope, the largest fiber diameter in Fig. 5͑a͒ is 62 m. Figure  5͑b͒ shows images of the nonetched and straightetched SMF-28 fiber that were obtained with a 10ϫ microscope objective. The surface of the etched fiber appears to be smooth and without surface cracks, and the diameter seems to be constant without visible deformations. Figure 6 shows the experimental setup for making tapered fiber ends. In this case, fibers were pulled at a fixed rate out of the BOE to produce the taper. The fibers were mounted upon a motorized linear stage controlled by a computer ͑not shown͒ and placed inside a plastic tube to keep them straight and under constant tension during etching. The linear stage moved in discrete steps of 285 nm͞s for 440 min, producing a 7.5-mm-long linear taper. The actual taper was slightly longer because of slow evaporation of BOE solution ͑approximately 7.9 -8 mm͒. Table 2 summarizes the experimental characteristics of the 14-m straight-etched and taper-etched SMF-28 fiber. The measured transmittance through the etched fibers was slightly lower than the simulated transmittance, probably owing to glass-air interface loss, which was not accounted for in the simulation. The straight-etched fiber was extremely fragile. The taper-etched fiber was much easier to handle and is the primary benefit of the tapered etch.
Cross-talk measurements were performed with the experimental setup shown in Fig. 7 . The straightetched fiber diameters were 14 -15 m, and the center spacing was approximately 16 m. Light from a SLD with an emission wavelength centered at 1.3 m was coupled into the middle fiber and a 20ϫ microscope objective. The measured cross talk between the center fiber and the two surrounding fibers over an ϳ1.0-cm interaction length was ϳϪ26 dB. The discrepancy between the measured cross-talk value and the simulated value ͑ϳϪ22 dB, as shown in Fig.  3͒ may be due to the shorter experimental interaction length as well as to the slightly larger experimental center spacing between fibers. To demonstrate the potential for using etched fibers in the ʈOCT system we took images of cotton tissue ͓Fig. 8͑a͔͒ and of an adult male forefinger ͓Fig. 8͑b͔͒, using a free-space Michelson interferometer previously described in literature. 14 The reference arm consisted of an SMF-28 fiber with connectors on both ends, and the sample arm consisted of a 1-mlong SMF-28 fiber with a tapered end. A 0.6-neutral-density filter was placed in the reference arm to equalize the power in the two arms. The final diameter of the tapered-end SMF-28 fiber was ϳ14 m, and the length of the taper was ϳ8 mm. The source consisted of a SLD with wavelength centered at 1.3 m and a spectral bandwidth of ⌬ ϭ 49 nm. Depth resolution was ϳ16 m in air ͑ϳ12 m in tissue, assuming an index of refraction of 1.38͒, and transverse resolution was ϳ14 m. The optical power on the sample was ϳ400 W. The axial di- Cross talk over 1.0 cm ͑dB͒ Ϫ 26 mension of the images was 2 mm ͑512 pixels͒, and the transverse dimension was 4 mm ͑400 A-scans͒. An A-scan is a scan of the depth of the sample. Scan speed was 14 A-scans͞s ͑the entire image was acquired in ϳ30 s͒. Both images exhibit speckle, which arises as a result of multiple scattering in tissue. The image of the forefinger clearly shows boundaries between skin layers, and the quality of both images is comparable to the quality of images obtained with nonetched SMFs.
Fiber-Length Measurements and Fiber-Length Equalization
To maximize the contrast in the interference pattern from the interferometer requires that the lengths of the sample and reference arm fibers be equalized within the scanning range of the galvanometer ͑galvo͒. The fiber interferometer shown in Fig. 9 is used to measure the difference in length of fibers in the sample arm. The light from a 100-W SLD centered at 1.3 m with ⌬ ϭ 38 nm is split into reference ͑E r ͒ and sample ͑E s ͒ beams by a 3-dB coupler. Collimated light reflected from the reference mirror ͑controlled by the galvanometer͒, and light reflected from a stationary infrared mirror ͑E s Ј͒ recombines on the surface of the infrared detector. Interference is observed when the optical path-length difference between the reference and sample arms is within the coherence length of the source. The input to the galvanometer is a Ϯ1-V, 0.2-Hz sinusoid produced by a function generator, which creates the reference mirror movement of 1.57 mm. A translation stage in the reference arm allows for adjustment of the pathlength difference when the path-length difference between the sample and the reference arm is greater than 1.57 mm. We use a LabVIEW measurement of the interference signal's amplitude as a function of the reference mirror's position to calculate the difference in length of the arms of the interferometer. Length equalization is accomplished in three steps:
͑1͒ Fibers of 1-m length are cleaved to within a couple of millimeters' length difference from the reference arm by a standard fiber cleaver. The length of each fiber is measured again to establish the remaining length difference.
͑2͒ Fibers are positioned on a scaled grid with a resolution of 256 m͞line and cleaved to within ϳ300 m by a precision glass scriber. The fiber ends can be polished once they are positioned in a standard silicon V groove.
͑3͒ The remaining length difference is compensated for by software.
The result of coarse fiber length equalization ͑to within ϳ300 m͒ is shown in Fig. 10͑a͒ . The ordinate units are arbitrary, and the maximum visibility of the interference signal is ϳ0.2. Channel 5 was a Fig. 9 . Schematic of the fiber interferometer for fiber-length measurements. Each fiber to be equalized is placed into a fiber interferometer. The position of the reference mirror is monitored and adjusted to maximize the interference signal with light passing through the fiber under measurement. DAQ, data acquisition. Fig. 10 . Results of fiber-length equalization: ͑a͒ coarse equalization with fiber lengths adjusted to within 300 m and ͑b͒ fine adjustment of fiber lengths to within 100 m. reference to which other fibers were cut. Polishing was not necessary in this case because the scriber produced low-scatter cleaves. Table 3 summarizes the length difference between channels. Data in Table 3 represent the mean value of four measurements, and have a standard deviation of ϳ50 m. ⌬͑5, 1͒ is the length difference between channel 5 and channel 1, and it shows that channel 5 is 211 m longer than channel 1. The remaining difference can be compensated for by software by the addition of an artificial delay, as is shown in Fig. 10͑b͒ , for which a delay has been added to channel 2. The dotted interference pattern shows the corrected length.
A procedure for equalization of fiber length to within ϳ10 m exists, 15 but it is more complex, more expensive, and more time consuming and is not well suited to the ʈOCT application.
Conclusions
Numerical analysis and experimental results for optical fibers that can be used for parallel interferometric applications have been presented. One of the possible applications for these fibers is the ʈOCT imaging system. Commercially available Corning SMF-28 fiber was used for the experimental system with the diameters reduced to ϳ14 m by a buffered oxide etching technique. The BOE etching process was characterized, and experimental characteristics of etched fibers were evaluated. The BOE process proved to be linear and isotropic, producing highly repeatable results under controlled environmental conditions. Because of the extremely fragile nature of the etched fibers, the fibers were tapered to provide greater rigidity to the etched fiber tips and also to reduce scatter loss. It was found that etching and tapering the fiber did not significantly affect the transmittance.
The transmittance of etched fibers was approximately 95% of that of the nonetched fiber. The effect of signal cross talk was used as a criterion with which to determine the limits on the channel density in the fiber array. Fiber channel spacing of 16 m proved to be a practical option for building the fiber bundle because it produced a small amount of cross talk ͑ϳϪ30 dB͒ over a 3-mm interaction length and a transverse resolution comparable to those of current OCT imaging systems. The limitation on how closely spaced the fibers can be depends on the cross talk and on the overlap of the focused beams.
The fiber lengths were equalized to within 300 m with a procedure that combines fiber measurement in a low-coherence interferometer and multiple cleaving steps. The remaining path-length difference was compensated for by data acquisition software.
Initial experimental results show that it is possible to obtain high-fidelity interference images by using etched fibers. The prospect of building a fiber array from several tens of etched fiber channels has yet to be examined.
